Paediatric pulmonary arterial hypertension (PAH) is manifested as increased arterial pressure and vascular resistive changes followed by progressive arterial stiffening. The aim of this study was to characterize regional flow haemodynamic patterns and markers of vascular stiffness in the proximal pulmonary arteries of paediatric PAH patients, and to explore the association with right ventricular (RV) function.
Introduction
Pulmonary arterial hypertension (PAH) in children is a relatively rare and progressive disease with worse survival when compared with adults with PAH. 1 -3 The principal pathophysiological conditions manifest similarly as in adults, with increasing pressure within the pulmonary vasculature and concomitant stiffening of the proximal pulmonary arteries. 4 -6 Increased afterload on the right ventricle (RV) leads to either adaptive or maladaptive remodelling responses, which are key determinants of long-term outcomes. 7 Major limitations persist in improving the clinical care of children with severe PAH because of lack of sensitive, non-invasive measures to accurately assess disease and determine responsiveness to therapeutic interventions. Non-invasive, detailed quantitative characterization of arterial stiffness and mechano-transduction events in the proximal pulmonary arteries could greatly increase our understanding of the progressive pathophysiological phenomena occurring in paediatric PAH and provide effective strategies to monitor their clinical courses. Furthermore, this will lead to a clearer picture of important differences in paediatric aetiology, manifestation, and survival distinct from adult population. Flow haemodynamic indices of the main pulmonary artery (MPA) in the adult population have been recently investigated using in vitro studies as well as non-invasive imaging methods. 6,8 -11 Two components play significant roles in vascular maladaptation: wall shear stress and vascular stiffness. Wall shear stress, the primary component of mechano-transduction forces, is markedly decreased in proximal pulmonary conduit arteries. 9 Studies have shown that altered flow and shear stress are associated with changes in endothelial activation, which include altered cellular signalling and gene expression, as well as endothelial cell geometry. 12 -15 Increased pulsatility mediated by stiffening of the proximal pulmonary arteries has been associated with progressive increases in the pro-inflammatory response triggered by pulmonary arterial endothelial cells. 16, 17 Furthermore, high pulsatility also alters the vascular response within the medial layer, which causes smooth muscle hypertrophy with parallel changes in protein expression that alter the cellular contractile apparatus and affect vascular stiffness. 18 Limited studies of cardiac magnetic resonance (CMR) evaluation of the vasculature have been performed in a paediatric PAH population. In a pilot retrospective study of a small population of paediatric PAH patients and only four control subjects, we described flow and shear metrics in the right pulmonary artery (RPA) and found results quantitatively similar to adult shear stress investigations. 19 In this study, we will use phase-contrast CMR to show that not only is shear stress significantly altered in proximal vasculature in paediatric PAH in comparison with non-PAH controls but also that this process is intimately tied to changes in vascular stiffness. Furthermore, these vascular parameters are associated with critical changes in the myocardium.
Methods
This study was performed with the approval of the Colorado MultiInstitutional Review Board, and all subjects provided written informed consent. We retrospectively identified consecutive PAH patients at Children's Hospital Colorado who have had CMRs that included shortaxis stack cine of the ventricles and phase-contrast imaging of the MPA and RPA performed over the period of December 2004 to June 2015. The diagnosis of PAH was established by a prior cardiac catheterization showing a mean pulmonary arterial pressure (mPAP) of ≥25 mmHg and a pulmonary vascular resistance of .3 Woods unit × m 2 . We excluded subjects with pulmonary valve or pulmonary arterial stenosis, or who have had previous surgical intervention on the pulmonary vasculature in order to focus the study on subjects with vascular remodelling because of high resistance and to exclude subjects with anatomic constrictions to flow. All control subjects were prospectively recruited through campus advertisement and were included if they did not have any known cardiac, pulmonary, or systemic disease.
RV Doppler echocardiography
All PAH subjects had standard tissue Doppler echocardiographic studies performed using Vivid 7 ultrasound system (General Electric Medical Systems, Milwaukee, WI, USA) as part of standard of care. Ventricular systolic and diastolic markers were acquired and categorized according to recommendations for imaging in paediatric PAH. 20 The following standard parameters were collected from the mitral valve and inflow: (i) peak early diastolic filling velocity (E), (ii) peak late atrial filling velocity (A), and (iii) corresponding E/A ratio. Furthermore, mitral annular Doppler tissue imaging parameters e ′ , tricuspid regurgitation jet, myocardial performance index, and tricuspid systolic to diastolic ratio were recorded in each PAH patient.
CMR protocol
The acquisition protocol was conducted per previously described study protocol. 19 A gradient echo sequence was applied to obtain tissue intensity and phase velocity maps using a 1.5 Tesla magnet (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany). Imaging slices were positioned orthogonal to the vascular lumen. The MPA plane was chosen as the mid-point between the pulmonary valve annulus and the branching point of the branch pulmonary arteries. The RPA plane was taken at mid-point between the bifurcation of the branch pulmonary arteries and the first branching of the RPA (see Figure 1) . 
Volumetric determination
Standard short-axis images were obtained covering the entire ventricles from the base to the apex. 21 Post-processing analysis of the CMR images was carried out on QMass (Medis Medical Imaging Systems; Raleigh, NC, USA) in which volume and mass data were manually traced and calculated at end-diastole and end-systole.
Vascular parameters
Both MPA and RPA were segmented over the cardiac cycle using the respective magnitude and phase-contrast images for vessel size and wall shear stress analysis, as previously described. 22 To control for variability among wide age-related differences in paediatric somatic weight and height, vessel diameters were normalized by body surface area (BSA) for intergroup variation and further single-variable correlation analysis. Vessel strain was measured by means of relative area change (RAC) defined as the difference between maximum and minimum areas divided by maximum value: (A max 2A min )/A max × 100%.
Ventricular parameters
Standard RV stroke volume (RVSV), RV cardiac output, and RV ejection fraction (RVEF) were assessed from the short-axis stack and then normalized by patient-specific BSA values to obtain indexed RVSV and RV cardiac index (RVCI). To include a comprehensive overview of the cardiac and vascular conditions, we also assessed the simplified version of ventriculo-vascular coupling ratio based on CMR-derived volumes, defined as a ratio of RV end-systolic volume and SV. 8 
Wall shear stress and flow analysis
Shear and flow metrics were analysed by incorporating the time-frame-segmented vascular lumens for both proximal pulmonary arteries, as previously described (Matlab Program; Mathworks, Inc., Natick, MA, USA). 19, 23 Circumferentially averaged axial wall shear stress was measured as peak systolic (WSS sys ) and time averaged (WSS TA ). Similarly, peak systolic flow (Q sys ) and cardiac cycle-averaged flow (Q avg ) values were computed from the respective velocity and phasecontrast images. Additionally, the modified version of oscillatory shear index (OSI) previously introduced by Ku was applied to investigate the deviation of shear stress from its principle direction.
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Measurement reliability
In a subset of 20 random PAH patients and 10 normotensive controls, WSS sys were determined from two independent segmentations of both MPA and RPA lumens by the same investigator (M.S.), to assess the intra-observer variability. Furthermore, interobserver error was then computed by two investigators (M.S. and U.T.) and computed for WSS sys of each vessel separately.
Statistical analysis
All normally distributed group-specific datasets are reported as mean with corresponding standard deviations or as median values with interquartile range if non-uniformly distributed. Intergroup significance was assessed using a paired two-tailed Student's t-test in normally distributed datasets, and the Wilcoxon ranked sum test was applied for nonuniform distributed data. Univariate linear regressional analysis was performed using the Spearmen rho method. Statistical analysis was performed using JMP 10.0 (SAS Institute, Cary, NC, USA). Statistical significance was defined as P , 0.05. The ability of shear metrics to detect the presence of PAH was assessed by receiver-operating characteristic (ROC) curves reported with corresponding sensitivity/specificity and Youden's index determined cut-off values.
Results
In this study, we identified 40 PAH patients and recruited 26 ageand BSA-matched controls who met criteria. In all cases, imaging of the MPA provided sufficient quality planar acquisitions for the post-processing analysis. Two control subjects and 11 PAH patients were excluded from the RPA analysis because of the presence of artefacts (n ¼ 2), poor anatomical positioning (n ¼ 7), or noise (n ¼ 4), which precludes the ability to define the luminal boundaries for wall segmentation. Group-specific demographic data are shown in Tables 1 and 2 , respectively. There were 23 PAH subjects with World Health Organization (WHO) Functional Class I and 17 subjects with WHO Class II. The average time between the right heart catheterization and CMR acquisition was 236 days (range: 0-345 days), and the average time between the echocardiography and CMR was 18 days (range: 0 -104). The median mPAP and pulmonary vascular resistance index (PVRi) were 44.5 mmHg and 7.7 Wood units × m 2 , respectively.
The echocardiographic subjective evaluation of RV dysfunction revealed 30 patients with normal function, 5 with mild dysfunction, 4 with moderate dysfunction, and 1 with severe RV dysfunction. Two patients had pericardial effusion at the time of the echocardiogram. There were no significant differences between age, BSA, and gender within investigated cohorts.
Several CMR parameters were significantly different between PAH and control groups: RVEF was lower in PAH patients (44 vs. 57%, P , 0.0001), and RVCI was increased in PAH group (3.9 vs. 3.5 mL/min/m 2 , P , 0.0018). The ventricular vascular coupling ratio was dramatically higher in the PAH group. The components of this ratio represent vascular afterload to ventricular contractility; thus, a higher ratio may signal a trend a state whereby the rise in vascular afterload outpaces the compensatory increase in ventricular contractility. Normalized vessel diameter was larger in both MPA and RPA in the PAH group (P , 0.05 and P , 0.0001). Finally, vascular strain was reduced in the PAH group in both the MPA and RPA (P , 0.0001 and P , 0.05).
All phase-contrast CMR-derived haemodynamic and flow measures are shown in Table 3 . WSS sys and WSS TA were strongly decreased in the PAH group in both vessels (all P , 0.0001). Peak flow metrics did not differ in analysed segments, except for Q avg , which was significantly larger in the RPA of PAH group. The OSI was significantly larger in PAH in the MPA (P , 0.05) but not in the RPA. The peak velocity V max measured through the described planes was significantly higher in the RPA of controls compared with PAH subjects (104.5 vs. 83.2 cm/s, P , 0.05), but interestingly this difference was not present in the MPA. Similarly, the average velocity V avg was significantly higher in both groups in the RPA as well. The phase-contrast CMR-derived haemodynamic metrics did not show significant differences between the PAH WHO I and WHO II subgroups. There was 3.06% intra-observer variability in computation of WSS sys in the MPA and 2.24% in the RPA. Interobserver variability assessed directly from the segmentation process of both vessels was 2.19% in the MPA and 1.76% in the RPA.
The WSS sys evaluated in the MPA revealed nearly linear positive correlation with vascular strain (r ¼ 0.63, P , 0.0001). A negative correlation was found between WSS sys and diameter measured in MPA (r ¼ 20.62, P , 0.0001). Importantly, the MPA WSS sys also displayed a positive logarithmic association with RVEF (r ¼ 0.65, P , 0.0001) (see Figures 2 -4) . Strain in the MPA also positively correlated logarithmically with RVEF (r ¼ 0.63, P , 0.0001). These trends existed between the RPA and measured markers as well but without statistical significance. Additionally, the WSS sys measured in both vascular segments significantly correlated with the PVRi in negative exponential fashion. The regression analysis in MPA (r ¼ 20.66, P , 0.001) was more significant than in RPA (r ¼ 20.59, P , 0.01) ( Figure 5 ). There was no significant correlation with the mPAP and shear metrics in either vessel segments. Lastly, a significant positive linear correlation existed between TAPSE and the MPA WSS sys (r ¼ 0.66, P , 0.001) ( Figure 6 ). No further correlation was found between echocardiographic markers and CMR-derived vascular parameters. ROC curve analysis for WSS sys in both vessels ( Figure 7 ) was generated in order to assess the ability to detect PAH in paediatric patients. With the cut-off value of 4.5 dyne/cm 2 and ROC ¼ 79.1%, WSS sys in the MPA showed moderate sensitivity (67.5%) and high specificity (84.6%). Similarly in the RPA, with the cut-off value of 8.5 dyne/cm 2 and ROC ¼ 81.1%, WSS sys showed moderate sensitivity (71.4%) and high specificity (95.8%). The OSI measured in the MPA and RPA both showed ROC ,25% and with nonsignificant sensitivity/specificity.
Discussion
Our current study reports marked decreases in WSS sys and WSS TA metrics in the proximal pulmonary arteries of paediatric subjects with PAH, providing additional support and extension of our past observations. 19 Our findings are also supportive of those from a multicentre study conducted by Barker et al. in an adult PAH population. 9 Additionally, we found marked associations between RV systolic function and shear stress, and that the PAH population in this study manifested increased vascular size. The overall wall shear stress values for both investigated paediatric groups are two-fold higher than in adult pulmonary hypertension population. 9, 27 These changes are mainly due to principal vessel geometric and cardiac performance differences observed in the paediatric population compared with adults. Furthermore, the trend towards high shear stress values between this study and past adult studies might be due to higher-resolution scans acquired by our protocol. More importantly, WSS sys measured in the MPA correlated positively with vascular strain, which is a well-validated marker of vascular stiffness. 28, 29 In our study, vascular strain was significantly reduced in both MPA and RPA in the PAH group, in agreement with previous studies of this parameter in adults. 30 The negative correlation with the MPA diameter follows the simplified wall shear stress definition described by Haagen-Poisseuille, where the shear stress is inversely proportional to cubic power of vessel diameter. 23, 31 We speculate that the effect of progressive dilation is the principle mechanism for reduced WSS sys since there was no significant variance in flow metrics. However, given the pulsatile nature of proximal flow, the application of steady-flow theory to explain these findings should be used with caution. Throughout the literature, wall shear has been shown to play a major role in endothelial function and vascular tissue response. 32 While the majority of these studies have been focused on the systemic circulation, the functional changes within the pulmonary endothelial lining are no less important and exhibit similar shear stress-dependent changes. 33 We believe that dilation of proximal conduit vessels decreases wall shear stress in order to maintain flow. Wall shear, in turn, may be the principle driving mechanism through which mechano-transduction promotes vascular stiffness. While proximal arterial segments were significantly dilated in our PAH group, right ventricular stroke volume index (RVSVi) remained unchanged when compared with controls. Contrast this to adult PAH populations, in which RVSVi is decreased and tends to correlate with measured shear metrics. Further evidence supporting the presence of proximal vascular stiffness can be observed by detailed analysis of the flow profile through MPA and RPA. The flow wave in PAH patients presented characteristics of less compliant vessel including increased rate in flow during initial upstroke in systole and the presence of mid-systolic notch ( Figure 1) . Finally, the WSS sys measured in considered vascular segments, correlated significantly with PVRi. 34, 35 These phenomena have never been shown in children. Interestingly, the majority of our PAH patients showed a trend towards an uncoupled RV-pulmonary artery axis with a ventricularvascular coupling ratio higher than 1.0. However, the higher RVCI and peak systolic flow Q sys in the PAH group suggest that the RV contractility is still responding within its reserve. The average RVCI value of our PAH group is in agreement with large registrybased study indicating preserved RV function in paediatric patients. 2 It was speculated before that unlike the adult population, RVCI is stable in paediatric patients or increased as part of ventricular remodelling despite tremendously increased afterload. 36 The RVEF, unlike RVCI, did correlate positively with RAC and WSS sys suggesting that latter measured metrics are surrogate markers of stiffness, affecting cardiac contractile condition rather than RV energetic performance. The curvilinear relationship between the RVEF and WSS sys measured in the MPA implies that shear may be severely reduced in advanced disease stage because of reduced flow and vascular dilation. Directional changes in shear stress over a cardiac cycle as assessed by OSI can contribute to endothelial dysfunction and to intimal fibrosis, which further augments vascular stiffening. In this study, we show an increased OSI in the MPA of PAH patients; however, this difference was not observed in the RPA. An increase in OSI has also been shown in other vasculopathies associated with intimal hyperplasia, including coronary and cerebral arteries. 37, 38 We speculate that the MPA is more prone to wall shear directional deviations because of close proximity to the pulmonic valve and proclivity to generate rigorous vortical flow patterns. As previously shown, vortex-like structures within the cardiovascular system comprise a specific set of physiological flow patterns and wall shear information required for complete 3D domain analysis. 39 Oscillatory flow and reduced endothelial shear both have pathogenic effects possibly resulting in pro-inflammatory and pro-thrombotic events. 12, 33 Distal vasculature is more prone to aforementioned changes resulting in an overall heightened vasoconstrictive/stiffness state, but in this study, we have been able to also show decreased wall shear stress in paediatric pulmonary hypertension, measured in proximal pulmonary conduit, and simultaneously correlate shear metrics to stiffness markers.
Study limitations
One potential limitation of this study is that our subject population represents a relatively healthy group of children with PAH, as reflected in the fact that no subject had a WHO functional class greater than II. However, finding differences among this population suggests greater sensitivity and the potential utility of these measures even in milder disease. Another limitation of this study was our assumption of a uniform viscosity. The product of shear rate and viscosity serves as wall shear stress computation within the software algorithm. However, a patient-specific viscosity approach has been previously successfully used in many systemic and pulmonary shear stress studies. 9, 40 An additional limitation is that the mean time between CMR and catheterization is large for our PAH group. Future research will require performance of both studies within a short period. We included catheterization data here in order to initiate the discussion that CMR-derived parameters may be powerful surrogates of conventional catheterization-derived data. This is particularly important to explore since catheterization is the standard of care but exposes children to repeated radiation, anaesthesia, and complications associated with intracardiac catheter manipulation.
Conclusions
The wall shear stress is reduced in the proximal pulmonary arteries of paediatric PAH patients concomitantly with vascular strain, Figure 7 The ROC curves of WSS sys were constructed in order to detect PAH in MPA (A) and RPA (B).
indicating stiffness within the proximal pulmonary vasculature. These results were also followed by increased OSI in MPA, which further has a potential to accelerate stiffness process. Furthermore, these vascular parameters have important association with RV myocardial function. The vascular characterization in proximal pulmonary conduit could provide important insights into pathogenesis and therapeutic effects in paediatric PAH population.
